The Kaposi's sarcoma-associated herpesvirus (KSHV) open reading frame 16 (orf16) encodes a viral Bcl-2 (vBcl-2) protein which shares sequence and functional homology with the Bcl-2 family. Like its cellular homologs, vBcl-2 protects various cell types from apoptosis and can also negatively regulate autophagy. vBcl-2 is transcribed during lytic infection; however, its exact function has not been determined to date. By using bacterial artificial chromosome 16 (BAC16) clone carrying the full-length KSHV genome, we have generated recombinant KSHV mutants that fail to express vBcl-2 or express mCherry-tagged vBcl-2. We show that the vBcl-2 protein is expressed at relatively low levels during lytic induction and that a lack of vBcl-2 largely reduces the efficiency of KSHV reactivation in terms of lytic gene expression, viral DNA replication, and production of infectious particles. In contrast, the establishment of latency was not affected by the absence of vBcl-2. Our findings suggest an important role for vBcl-2 during initial phases of lytic reactivation and/or during subsequent viral propagation. Given the known functions of vBcl-2 in regulating apoptosis and autophagy, which involve its direct interaction with cellular proteins and thus require high levels of protein expression, it appears that vBcl-2 may have additional regulatory functions that do not depend on high levels of protein expression.
K
aposi's sarcoma-associated herpesvirus (KSHV), also referred to as human herpesvirus 8 (HHV-8), is a gamma-2 herpesvirus. KSHV is causally linked to particular human cancers, including Kaposi's sarcoma (KS), primary effusion lymphoma (PEL), and plasmablastic multicentric Castleman's disease (1) (2) (3) (4) (5) (6) (7) . Among human viruses, KSHV is most closely related to the Epstein-Barr virus (EBV), a tumorigenic gamma-1 herpesvirus known to be associated with lymphomas and nasopharyngeal carcinoma. Like all other herpesviruses, the infectious cycle of KSHV includes two alternative infection phases, latent and lytic. Latent infection allows the virus to establish long-term persistent infection and involves the presence of viral episomes and expression of a small set of viral genes. Lytic infection is needed for the maintenance of viral reservoirs and for virus spread and involves a temporally regulated cascade of viral gene expression and DNA replication, leading to the production and release of new virions. KSHV exists mainly in its latent form in KS lesions and in PEL, yet a small subpopulation of cells undergoes lytic replication. Analogously, most KSHV-infected cultured cells are latently infected. Lytic virus reactivation can be induced in these cells by treatment with a variety of soluble cytokines, coinfection by another viral agent, or treatment with chemical reagents, such as 12-O-tetradecanoylphorbol-13-acetate (TPA) and sodium butyrate. Initiation of lytic replication proceeds mainly through the activities of the viral replication and transcription activator (RTA) protein, which activates the expression of certain KSHV genes, eventually leading to the upregulation of all the lytic cycle KSHV genes (8) (9) (10) (11) (12) . Yet an alternative RTA-independent emergency replication program is triggered by caspase-3 activation and provides the virus with a last chance of reproducing before the completion of host cell apoptosis (13) .
The Bcl-2 family of proteins comprises vital mitochondrial permeability regulators of apoptosis that integrate diverse survival and death signals (14) (15) (16) (17) . Members of the Bcl-2 family are defined by the presence of up to four conserved Bcl-2 homology (BH) domains (BH1 to BH4), while several members also possess a carboxy-terminal transmembrane domain, which mediates their association with intracellular membranes. Bcl-2 homologues are encoded by all gammaherpesviruses and generally share 20 to 30% homology with one another and with their cellular counterparts (18) . The conservation of Bcl-2 homologues in these viruses suggests their importance in evolutionarily conserved functions.
KSHV open reading frame 16 (orf16) encodes an antiapoptotic viral Bcl-2 (vBcl-2) protein which shares sequence and functional homology with members of the Bcl-2 family (19, 20) . Like most herpesvirus homologues of Bcl-2, vBcl-2 demonstrates conserved sequences in both the BH1 and BH2 domains, but it has only a low degree of homology with other regions of Bcl-2. Still, vBcl-2 shares 3-dimensional structural conservation with other Bcl-2 family members and includes the conserved BH3 binding groove and a hydrophobic membrane anchor domain. The BH3 binding cleft of vBcl-2 binds to peptides encoding BH3 domains present on the proapoptotic proteins Noxa, Bik, PUMA, Bak, Bax, Bid, Bim, and Bad (21) (22) (23) . vBcl-2 also forms a stable complex with the cellular protein Aven, which binds Apaf-1 and is known to be a regulator of caspase-9 and ataxia telangiectasia (ATM) activation (24, 25) . However, unlike the cellular Bcl-2, vBcl-2 is not a substrate for KSHV-cyclin-cyclin-dependent kinase 6 (CDK6) phosphorylation (26) and cannot be converted to a proapoptotic molecule via caspase cleavage (27) . Like the cellular and other virally encoded Bcl-2 proteins, vBcl-2 binds Beclin-1 (28, 29) . The association between vBcl-2 and the Beclin-1-phosphoinositol 3-kinase C3 (PI3KC3)-UVRAG autophagic complex mediates negative regulation of autophagy, which, unlike the case of cellular Bcl-2, is not disrupted by Jun N-terminal protein kinase 1 (JNK1) phosphorylation (28, 30, 31) .
The function of vBcl-2 during virus infection has not been determined to date. vBcl-2 is transcribed during lytic virus infection (20, 32, 33) . Thus, inhibition of apoptosis and autophagy by vBcl-2 may provide an attractive mechanism for prolonging the life span of KSHV-infected cells, which in turn enables increased virus production, establishment of latency, and/or efficient reactivation. Of note, transcripts encoding vBcl-2 were detected during lytic infection in various KSHV-infected cell cultures, yet the expression of vBcl-2 protein has been detected only in Kaposi's sarcoma lesions (34) . Whether the function of vBcl-2 is necessary for KSHV-mediated oncogenesis is still unknown.
In an effort to increase our understanding of the function of vBcl-2 in the context of viral infection, we constructed mCherrytagged and vBcl-2-null recombinant viruses. Using a bacterial artificial chromosome (BAC) 16 (BAC16) clone carrying the fulllength KSHV genome, we generated KSHV genomes that fail to express vBcl-2 and a clone which expresses mCherry-tagged vBcl-2. We show that the vBcl-2 protein is expressed at low levels during lytic induction and that a lack of vBcl-2 largely reduces the efficiency of KSHV reactivation in terms of lytic gene expression, viral DNA replication, and production of infectious particles.
MATERIALS AND METHODS
Cells. HEK-293T, SLK, and iSLK cells (kindly provided by Don Ganem and Rolf Renne) (35) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) or Tet system-approved certified FBS (Biological Industries, Kibbutz Beit Haemek, Israel), 50 IU/ml penicillin, and 50 g/ml streptomycin (Biological Industries, Kibbutz Beit Haemek, Israel). Two hundred fifty micrograms per milliliter of G418 and 1 g/ml of puromycin (A. G. Scientific Incorporated) were added to the iSLK cell growth medium to maintain the Tet-On transactivator and RTA expression cassette, respectively.
Construction of BAC16-vBcl-2-stop, BAC16-mCherry-vBcl-2, and BAC16-mCherry-vBcl-2-stop recombinant viruses. BAC16 containing a recombinant full-length KSHV genome with a green fluorescent protein (GFP) cassette under the control of the elongation factor 1␣ (EF-1␣) promoter has been previously described (36) . The construction of the recombinant viruses was accomplished using Escherichia coli GS1783, whose genome encodes inducible bacteriophage lambda Red and I-SceI activities, with a two-step recombination protocol, as described previously (37) . To construct a recombinant KSHV BAC16 clone containing a stop codon within orf16 (BAC16-vBcl-2-stop), a recombination fragment was first generated by PCR using plasmid pEGFP-N1 (Clontech) carrying a kanamycin resistance (Kan r ) cassette as the template and primers flanking the desired stop codon of orf16. The primer set used to amplify this fragment was 5=-ACGAGGACGTTTTGCCTGGAGAGGTGTTGGCCA TTGAAGGGATATTCTAGGCCTGTGGATTAAACGAACCTtagggataac agggtaatAGGTGGCACTTTTCGGGGAAA-3= (the first 71 nucleotides [nt] complement orf16 nt 5 to 76 and correspond to nt 29965 to 30036 of BAC16, while the stop codon is in boldface, the I-SceI restriction site is in lowercase letters, and the kanamycin resistance gene sequence is underlined) and 5=-GGGCTGAGCAAAGGATGGTACAGGTACTCAGGTTC GTTTAATCCACAGGCCTAGAATATCCCTTCAATGGTTTATTGCC GTCATAGCGCGG-3= (the first 70 nt complement orf16 nt 104 to 35 and correspond to nt 30065 to 29995 of BAC16, while the stop codon is shown in boldface and the kanamycin resistance gene sequence is underlined). Integration of the Kan r /I-SceI cassette was verified by PCR, and that was followed by restriction enzyme digestion of the purified BAC16 DNA. Primers for sequences located upstream of orf16 (nt 29941 to 29960; 5=-T GCCCTGGTGACCGTCCACA-3=) and within the orf16 coding sequence (nt 30423 to 30408; 5=TGTCATTCTCCGTCC-3=) were used to amplify a diagnostic DNA fragment of 482 bp, whereas a DNA fragment of 2,041 bp was obtained, as predicted, after insertion of the Kan r /I-SceI cassette. The integrated cassette was then cleaved upon treatment with 1% L-arabinose; a second recombination event between the duplicated sequences resulted in the loss of the Kan r /I-SceI cassette and recircularization of the BAC16 DNA, yielding kanamycin-sensitive colonies that were screened by replica plating, followed by diagnostic PCR as well as restriction enzyme digestion of the purified DNA. BAC DNA was purified using a large-construct kit (Qiagen) according to the manufacturer's instructions. BAC DNA was digested with BamHI and run on a 0.4% agarose gel. The inserted DNA fragment was sequenced to confirm the stop mutation. To construct a virus expressing the mCherry protein fused to the 5= end of vBcl-2 (BAC16-mCherry-vBcl-2) and the mCherry protein inserted into BAC16-vBcl-2-stop (BAC16-mCherry-vBcl-2-stop), we employed the universal transfer plasmid pEP-mCherry (38) . This plasmid was used as a PCR template to obtain a linear DNA fragment encompassing the kanamycin resistance cassette and an I-SceI restriction site, flanked by mCherry containing a small internal duplication, and flanking 47 bp of viral sequences from nucleotides 29914 to 29961 and 30011 to 29965, located upstream and downstream of the KSHV orf16 start codon, respectively. The primer set used to amplify this fragment was 5=-CACCCTTG GTGCTGTGCGCGTGCTATGTGCCCTGGTGACCGTCCACAATG GTGAGCAAGGGCGAGGAGGATAAC-3= and 5=-AATATCCCTTCA ATGGCCAACACCTCTCCAGGCAAAACGTCCTCGTCCTTGTACA GCTCGTCCATGC-3= (the mCherry start methionine codon is in boldface; the sequence homologous to that of mCherry is underlined). The purified PCR product of 1,786 bp was subsequently introduced into the GS1783 E. coli strain harboring BAC16 or BAC16-vBcl-2-stop. Integration of the mCherry/Kan r /I-SceI cassette was verified by PCR to yield a 2,268-bp product as an indication for insertion and restriction enzyme digestion, as described above. A second recombination event was also followed by diagnostic PCR, restriction enzyme digestion, and sequencing of the purified DNA.
Transfection of KSHV BAC16 DNA and virus reconstitution. For BAC16 transfection and reconstitution, HEK-293T cells were grown to ϳ70% confluence in a 24-well plate, followed by transfection with 500 ng of BAC DNA via the Lipofectamine 2000 transfection reagent (Life Technologies, Invitrogen). Infected cells were selected in a medium that also contained 200 g/ml hygromycin B (A. G. Scientific Incorporated). Following selection of HEK-293T cells carrying recombinant viruses, these cells were subcultured and mixed at a 1:1 ratio with iSLK cells. After 24 h, a lytic virus cycle was induced by 20 ng/ml 12-O-tetradecanoylphorbol-13-acetate (TPA) and 1 mM sodium butyrate (Sigma). Selection medium containing 250 g/ml G418, 1 g/ml puromycin, and 1.2 mg/ml hygromycin B was added 4 days later, and iSLK cells infected with the recombinant viruses were established. KSHV-infected iSLK cells were treated with 1 g/ml doxycycline and 1 mM sodium butyrate (Sigma), in the absence of hygromycin, puromycin, and G418, to induce RTA transgene expression and lytic cycle reactivation. To purify virions, 4 days after lytic induction, supernatant was collected and cleared of cells and debris by centrifugation (700 ϫ g for 10 min at 4°C) and filtration (0.45-m-pore-size cellulose acetate filters; Corning). Virus particles were pelleted by centrifugation (40,000 ϫ g for 2 h at 4°C).
Real-time reverse transcription-PCR. Total RNA was extracted by use of an EZ-RNA total RNA isolation kit (Biological Industries, Israel). Residual DNA contamination was eliminated by subsequent treatment with DNase by using a Turbo DNA-free kit (Ambion). cDNA was generated from 1 g total RNA with a qScript cDNA synthesis kit (Quanta Biosciences) and by priming with random hexamers according to the manufacturer's instructions. Real-time quantitative PCR (RT-qPCR) was carried in a total volume of 10 l with 1.5 l of 1/10-diluted cDNA, 0.15 M each primer specific for viral mRNA, and Fast Sybr green master mix (Applied Biosystems). The expression levels obtained for each gene with wild-type and vBcl-2-null mutant viruses were normalized to those of beta-actin. The fold change in expression for a particular gene of interest in response to lytic induction was subsequently calculated by comparing the level of expression to the normalized value for the wild-type virus at 24 h postinduction. The primers used were the following: for orf50 (RTA), 5=-CACAAAAATGGCGCAAGATGA-3= and 5=-TGGTAGAGTTGGGC CTTCAGTT-3=; for orf59, 5=-CGAGTCTTCGCAAAAGGTTC-3= and 5=-AAGGGACCAACTGGTGTGAG-3=; for orf65, 5=-ATATGTCGCAGGC CGAATAC-3= and 5=-CCACCCATCCTCCTCAGATA-3=; for orf16 (vBcl-2), 5=-ACCAGCTTGGGTTGAGCATG-3= and 5=-GGCTCGCCCC CAGTTC-3=; and for beta-actin, 5=-AATGTGGCCGAGGACTTTGATT GC-3= and 5=-AGGATGGCAAGGGACTTCCTGTAA-3= (33) . All PCRs were run in triplicate on a StepOne Plus real-time PCR system (Applied Biosystems Inc., Carlsbad, CA).
Purification and quantification of genomic DNA from infected cells. High-molecular-weight (HMW) DNA was extracted using a mammalian genomic DNA miniprep kit (Sigma). KSHV DNA was quantitated using a previously described TaqMan PCR employing primers and a probe targeting orf K6 (39, 40) . A second quantitative TaqMan-based real-time PCR assay detecting human endogenous RNase P (TaqMan human RNase P control kit; Applied Biosystems) was used as a normalization tool for HMW DNA and to confirm DNA quality. All PCRs were performed using a StepOne Plus real-time PCR system (Applied Biosystems Inc., Carlsbad, CA).
Antibodies and Western blot analysis. Cells were washed twice in cold phosphate-buffered saline (PBS), suspended in radioimmunoprecipitation assay lysis buffer, and incubated on ice for 30 min. Cell debris was removed by centrifugation at 12,000 ϫ g for 15 min at 4°C. Protein lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes using a Trans-Blot Turbo RTA midi-nitrocellulose transfer kit (Bio-Rad). The protein content of different samples was verified by Ponceau S staining. The nitrocellulose membranes were blocked with 5% dry milk in Tris-buffered saline and subsequently incubated with primary mouse antibodies to GFP (Covance Research Products), mCherry (catalog no. 632496; Clontech), tubulin (catalog no. E7-S; DSHB), beta-actin (catalog no. JLA20; Developmental Studies Hybridoma Bank [DSHB]) ORF45 (41), ORF K8 (42) (kindly obtained from Yan Yuan), ORF65 (43) (kindly obtained from Shou Jiang Gao), or RTA (44) (kindly provided by Keiji Ueda). Specific reactive bands were detected using antimouse antibody conjugated to horseradish peroxidase. Immunoreactive bands were visualized using an EZ enhanced chemiluminescence (ECL) detection kit (Biological Industries, Israel).
Quantification of infectious virus production. Various volumes of cell-free virus were used to infect SLK cells that were seeded at approximately 10 5 cells/well in 12-well plates 24 h prior to infection. The plates were centrifuged at 1,500 ϫ g at 4°C for 60 min (spinoculation) in the presence of 8 g/ml Polybrene. Cells were collected 72 h later, washed twice with cold PBS, and suspended in 0.5 ml PBS; 0.5 ml 2% formaldehyde was added, and the cells were incubated at 4°C for 20 min. The cells were then washed with PBS, suspended in 1 ml 70% ethanol, and incubated for 30 min at 4°C. Finally, the cells were washed once and suspended in PBS. GFP-positive cells were determined using fluorescence-activated cell sorter (FACS) analysis (Gallios; Beckman Coulter). Data analysis was performed with FlowJo software. The titer for each inoculum size, assuming that one infectious particle generates a single GFP-positive cell, was calculated as a percentage of the number of uninfected cells, according to Poisson's law, and expressed as the number of infectious units per milliliter.
RESULTS

Construction of BAC16-vBcl-2-stop.
To construct a virus that fails to express vBcl-2, we took advantage of the complete KSHV BAC16 clone, which enables genetic manipulation of the KSHV genome in E. coli. As previously described (36, 37) (see Materials and Methods), we used the BAC-based two-step bacteriophage lambda Red-mediated recombination system. Since orf16 contains an in-frame methionine codon at position 18, which could potentially function as a translation initiation site, we selected this site as a target for the stop mutation. Therefore, this mutation was expected to abolish the expression of vBcl-2 and the potential expression of a shorter N-terminally truncated vBcl-2 as well. The final recombinant KSHV BAC16 containing a stop codon within orf16, designated BAC16-vBcl-2-stop, was tested for the presence of the engineered mutations by diagnostic PCR. To further confirm the mutation, we sequenced the genomic DNA, revealing one unintended nucleotide change (T ¡ C) at the third position of amino acid 17; however, this change did not change the amino acid sequence (Fig. 1A) . Restriction enzyme analysis with BamHI revealed that BAC16 had a DNA fragmentation pattern similar to that of BAC16-vBcl-2-stop, and no rearrangements were detected. These analyses demonstrate that the vBcl-2 stop mutation was successfully inserted in the KSHV orf16 gene. Construction of a recombinant KSHV BAC16 expressing Nterminal mCherry-tagged vBcl-2. To construct a virus expressing the mCherry protein fused to the 5= end of vBcl-2, we generated a recombination cassette employing a universal mCherry transfer plasmid (see Materials and Methods). The resulting virus, BAC16-mCherry-vBcl-2, was expected to allow tracking of vBcl-2 during infection. The same cassette was also inserted into BAC16-vBcl-2-stop and was expected to express mCherry fused to the first 17 amino acids of vBcl-2 (BAC16-mCherry-vBcl-2-stop). Restriction enzyme analysis with BamHI indicated that BAC16-mCherry-vBcl-2 and BAC16-mCherry-vBcl-2-stop had similar DNA fragmentation patterns, with the exception of the 6,561-bp fragment predicted to undergo recombination. BAC16-mCherryvBcl-2 and BAC16-mCherry-vBcl-2-stop contained the expected 7,269-bp restriction fragment. No additional differences were observed between the BAC16-mCherry-vBcl-2, BAC16-mCherryvBcl-2-stop, and BAC16 viral DNAs following restriction enzyme digestion. To further confirm that faithful recombination had occurred, we PCR amplified and sequenced genomic DNA, including the boundaries of the targeting sequence used for allelic exchange. These experiments established that the recombinant genome contains the correct insertion with no evident rearrangements (Fig. 1B and C) .
BAC16-mCherry-vBcl-2 exhibits functional properties similar to those of wild-type BAC16. To reconstitute infectious vi-ruses, HEK-293T cells were transfected with BAC16 and recombinant BAC16 DNAs, selected with hygromycin, and cocultivated with iSLK cells following TPA and sodium butyrate treatment. All further experiments employed iSLK cells, which permit efficient virus reactivation and virion production following doxycycline induction of RTA and sodium butyrate treatment (35, 45) . To assess the level of replication of BAC16-mCherry-vBcl-2 in comparison to that of wild-type BAC16, we first induced the lytic cycle in infected iSLK cells. Proteins were extracted at 48, 72, and 96 h after induction and analyzed by Western blotting. As shown in Fig. 2 , expression of mCherry-vBcl-2, detected with anti-mCherry antibody, was induced following lytic induction. As expected, mCherry-vBcl-2 migrated at a molecular mass corresponding to ϳ48 kDa in cell extracts harboring BAC16-mCherry-vBcl-2. An additional band of ϳ37 kDa, which probably represents a cleavage product of mCherry, was also detected with the mCherry antibody. Further incubation of this blot with antibodies to the lytic gene products ORF45 and ORF65 and to GFP revealed the similar expression of these proteins following lytic induction, suggesting that the efficiency of lytic reactivation of BAC16-mCherry-vBcl-2 is similar to that of wild-type BAC16. Of note, previous studies by others (34) and by our group (data not shown) failed to identify the expression of vBcl-2 protein in cultivated cells, and to the best of our knowledge, the present study is the first to detect endoge- (Fig. 3) . Accordingly, we could not detect mCherry-vBcl-2 by immunofluorescence in the infected cells at different time points following reactivation, probably due to its low levels of expression and the cleavage of mCherry.
Elimination of vBcl-2 expression strongly decreases lytic reactivation of KSHV. To investigate whether vBcl-2 is required for KSHV lytic reactivation, we explored the lytic cycle in cells infected with wild-type (BAC16 and BAC16-mCherry-vBcl-2) or mutant vBcl-2-null (BAC16-vBcl-2-stop and BAC16-mCherry-vBcl-2-stop) viruses. We induced the lytic cycle in infected iSLK cells, extracted proteins at 48, 72, and 96 h after induction, and analyzed protein expression by Western blotting. As shown in Fig. 4 , lytic induction of wild-type virusinfected cells resulted in the accumulation of viral lytic proteins, including the immediate early gene product RTA, the early gene product K8, and the late protein ORF65. Accumulation of the ORF45 protein, which can be activated through RTA-dependent and -independent pathways (46), was evident as well. This was also associated with an increased expression of GFP, which was cloned in BAC16 and expressed under the constitutive EF-1␣ cellular promoter (36) . In contrast, lytic induction of cells infected with vBcl-2-null viruses was not associated with increased expression of viral lytic proteins, with the exception of the ORF K8 and RTA proteins, which were expressed at low levels. Notably, expression of RTA could result from the exogenous cassette, which is induced by doxycycline, and may not be due to induction of the viral lytic phase. In addition, similar levels of GFP expression were detected in cells infected with wild-type and vBcl-2-null viruses that were predominantly latent, suggesting that the lack of vBcl-2 does not affect the latent course. Finally, higher levels of expression of mCherry fused to the first 17 amino acids of vBcl-2 and detected as a predominant ϳ30-kDa protein than mCherrytagged vBcl-2 were noted, and these two proteins appeared to produce cleavage products, probably as a result of cleavage within the mCherry protein. Since the transcripts encoding mCherry and mCherry-vBcl-2 share the same promoter and translation initiation sites, the difference in the expression levels of these proteins is most likely posttranscriptionally controlled. Thus, inefficient translation of the vBcl-2 protein, inhibition of vBcl-2 translation, or a short protein half-life and a high rate of vBcl-2 degradation that prevents its accumulation could explain its low level.
By using real-time quantitative PCR (RT-qPCR), we measured the mRNA levels for orf50 (RTA), orf59, and orf65, representing immediate early, early, and late viral genes, respectively, as well as the mRNA level for orf16 (vBcl-2), prior to induction and at 24, 48, and 72 h postinduction (Fig. 5) . Generally, the results were consistent with those of the protein analysis, though the increased sensitivity of the real-time PCR assay allowed documentation of small increases in the expression of the viral mRNAs in cells infected with vBcl-2-null viruses. As expected, the level of orf16 mRNA was reduced in induced cells harboring vBcl-2-null viruses compared to that in induced cells harboring wild-type viruses. These results further suggest that the absence of vBcl-2 has a broad impact on viral gene expression following lytic reactivation.
Quantitative real-time PCR was performed to test for intracellular viral DNA replication and revealed a gradual increase in KSHV DNA levels following lytic induction of cells infected with either wild-type BAC16 (Fig. 6A) or BAC16-mCherry-vBcl-2 ( Fig.  6B) . At 72 h postinduction, this increase was ϳ5-fold lower in cells quired when latent infection is established (47) . Mutant EBV lacking its two Bcl-2 homologs fails to transform primary resting B lymphocytes, and the infected cells die of immediate apoptosis, suggesting that these genes are essential for overcoming the initial apoptosis induced by viral infection (47) . Studies with mutant murine gammaherpesvirus 68 (MHV-68) deficient for the Bcl-2 homolog M11 demonstrated no evidence of a contribution of M11 to lytic replication in vitro, but cells infected with this mutant virus did exhibit an impaired ability to establish latency and compromised reactivation from latency (22, (48) (49) (50) . Further dissection of the role of the Bcl-2-mediated antiapoptotic versus antiautophagic functions of Bcl-2 during MHV-68 infection revealed that a mutant virus deficient in Beclin-1 binding, which is impaired in autophagy inhibition but retains intact antiapoptotic activity, is compromised in the maintenance of latency, though establishment of latency was unaffected. In contrast, infection with a Bcl-2 mutant virus defective in antiapoptotic activity was associated with a normal latent load but greatly impaired reactivation from latency (51) . It therefore appears that Bcl-2 proteins function to delay apoptosis and autophagy, thereby supporting the establishment of latency and reactivation. Of note, M11 and vBcl-2 possess different relative affinities of binding to Beclin-1 and Bak, suggesting that viral Bcl-2 homologs may differ in their relative antiapoptotic versus antiautophagic activities (29) .
In the present study, we demonstrate the expression of N-terminally tagged vBcl-2 in cultivated cells. In contrast to the levels of expression of mCherry-tagged ORF45 and of mCherry protein, which was expressed under the control of the same transcriptional control element as mCherry-vBcl-2, the level of vBcl-2 expression was low. This may account for the inability to detect the expression of vBcl-2 in KSHV-infected cell lines by using polyclonal antibodies produced by other groups (34) and in our lab (data not shown). This, together with the abundant cleavage of mCherryvBcl-2, did not allow the use of immunofluorescence to track the expression of mCherry-vBcl-2 within cells. By using BAC16, a BAC clone harboring the full-length KSHV genome, we generated two vBcl-2-null recombinant viruses, BAC16-vBcl-2-stop and BAC16-mCherry-vBcl-2-stop, and examined their properties in comparison to those of their corresponding nonmutated viruses. The mutated viruses had comparable phenotypes. Both mutants could establish latent infection, suggesting that vBcl-2 is not necessary for the establishment of latent infection in iSLK cells. Yet unlike the wild-type virus, following lytic induction in cells containing the vBcl-2-null viruses, almost no lytic viral proteins were expressed, the increase in viral transcripts was largely impaired, viral DNA replication was reduced, and infectious virion production significantly decreased. These findings suggest that vBcl-2 is required for the expression of early and late lytic viral proteins and thereby affects DNA replication and the production of infectious virions. Thus, vBcl-2 appears to have an important role during the initial phases of reactivation and/or in sustaining the reactivation and promoting the subsequent cascade of the lytic phase. This effect could be indirectly mediated. Of note, our results indicate that although vBcl-2 is expressed at low levels, it has a critical role in the lytic phase. Given the known apoptosis and autophagy regulatory functions of vBcl-2 that involve its direct interaction with cellular proteins and thus require high levels of protein expression, it appears that vBcl-2 may have additional regulatory functions beyond apoptosis and autophagy repression that do not depend on high levels of protein expression.
Of note, just before submission of the manuscript for this article, we found that our findings on the essential role of vBcl-2 during lytic reactivation were also obtained in an independent study conducted by Liang et al., the results of which are presented in the accompanying paper (52) .
